A molecular epidemiological study of 48 recent rabies isolates recovered from cases reported throughout Iran identified three distinct viral variants, the evolutionary origins of which were identified by phylogenetic comparison with rabies viruses originating from Europe and Asia. Members of group 1 (15 isolates) were recovered from the northern half of the country only, while those of group 2 (31 isolates) were widely dispersed ; both groups clustered within the widely disseminated cosmopolitan lineage. The two isolates of group 3 were detected in the northeastern tip of the country only and belonged to the Arctic strain. Rapid variant discrimination tools, employing restriction fragment length polymorphisms applied to amplified fragments of the viral genome, were devised whilst antigenic characterization of representative viruses identified a small panel of monoclonal antibodies that were also discriminatory. The future application of such methods should provide valuable epidemiological information on rabies incidence in Iran.
INTRODUCTION
Rabies, known to Middle Eastern civilizations since ancient times, remains a significant problem throughout the region today. Even in countries such as Iran, where the Pasteur Institute in Tehran has provided human post-exposure treatment (PET) since 1923, human deaths from this disease continue to be reported [1] . This continuing problem is due to the role played by animal vectors in harbouring and transmitting the virus. In the northern forested areas bordering the Caspian Sea, wild canids including foxes and jackals are regarded as rabies vectors whilst in the mountainous western region wolves contribute to rabies dissemination. However, the majority of both human and domestic animal exposures are due to contact with rabid dogs and the dog population, which is often poorly controlled, constitutes a significant rabies reservoir [1] .
Over the last 25 years there has been a substantial increase in human PETs in Iran. In 2000, 74 168 PETs were recorded throughout the country compared to 577 in 1973. By contrast, the numbers of laboratory-confirmed animal cases have remained relatively constant ; for example, over the last decade an average of 354 cases per year were recorded with modest yearly variations. Similarly, human fatalities from the disease have remained fairly stable, averaging about 12 per year, throughout the 1990s (Fayaz, unpublished data) . More cost-effective control measures would benefit from improved understanding of the vector species involved, the variants circulating in various regions of the country and the environmental and socio-economic factors contributing to their spread.
Rabies virus strain discrimination relies on both antigenic typing, employing panels of discriminatory monoclonal antibodies (mabs) directed primarily against nucleoprotein and glycoprotein components of the virus [2] , and on genetic typing by comparing nucleotide sequences [3] . The rabies virus genome is a non-segmented negative sense RNA strand organized into five genes: N, P, M, G and L [4] . Studies on rabies virus variation have targeted several of these genes according to the purpose of the investigation (see [5] ). The conserved N gene has proved useful for evaluating the worldwide diversity of this virus [6] [7] [8] [9] and for phylogenetic studies on the entire Lyssavirus genus [10] , within which all classical serotype 1 rabies viruses group as a single genotype. The greater variation of the G gene and the adjoining G-L intergenic region has been of value for highly detailed regional and local epidemiological studies [9, [11] [12] [13] [14] . More recently, genetic characterization of the P gene of 128 lyssavirus isolates has identified a highly variable central region useful for sensitive molecular epidemiological analysis [15] .
In this report, 48 rabies viruses, recovered from various species throughout Iran, were genetically characterized within the variable central portion of the P gene. Phylogenetic analysis of these data has examined the evolutionary relationships of the variants currently circulating in the country and their relationships to viruses present in other countries of the region. The genetic data also provided a means of designing a rapid method for variant discrimination. A complementary study on antigenic variation of these viruses identified discriminatory mabs useful for variant typing. Application of such rapid typing tools will more fully define the spatiotemporal distribution of these viral variants in Iran and provide information of value to rabies control strategies.
METHODS

Viral isolates
A summary of all isolates included in this study is presented in Table 1 . Rabies was diagnosed in each case on brain tissue sections by the fluorescent antibody test (FAT) [16] .
Antigenic characterization
Viruses from 10 selected brain specimens were isolated on mouse neuroblastoma (MNA) cells (Bio-Whittaker, Walkersville, MD) in 25 cm 2 filter capped tissue culture flasks (Falcon), using MEM with Earle's salts (Gibco BRL, Bethesda, MD), supplemented with 10 % certified fetal bovine serum (Gibco BRL, US origin), 5 % tryptose phosphate broth (Gibco BRL) and 1% antibiotic antimycotic solution (Sigma, Oakville, Ont). Infected cells were transferred to sterile 96 well tissue typing plates (Robbins Scientific, Sunnyvale, CA). Monolayers were fixed with 75 % acetone after 1-2 days of incubation. After drying, 12 ml of each mab supernatant was dispensed into the appropriate well and plates were incubated for 50 min at 36 . 5 xC. Plates were quickly rinsed three times with buffer (50 mM Tris, 200 mM NaCl, 0 . 5 % Tween), then washed three times for 10 min in buffer. Ten microlitres of buffer diluted, fluorescein-conjugated goat IgG fraction to mouse IgG (Cappel TM , ICN Pharmaceuticals, Montreal Que) was added to each well and incubated for 40 min at 36 . 5 xC. Stained plates were rinsed and washed once for 10 min in buffer, then counterstained for 45 s with 0 . 5 % Evans Blue stock solution in phosphate buffered saline diluted 1 in 200 in 50 mM Tris, 200 mM NaCL, 0 . 5% Tween buffer, pH 7 . 2-7 . 4.
Staining patterns were observed using an inverted UV microscope at 100 times magnification. A total of 373 anti-N, 67 anti-G, 53 anti-P, and 5 anti-M mab supernatants were used for the antigenic characterization.
RNA extraction
Total RNA was extracted from minced rabies virusinfected brain tissue (up to 0 . 1 g) using TRIzol TM according to the manufacturer's recommendations (Gibco BRL). Purified RNA was dissolved in diethylpyrocarbonate (DEPC)-treated sterile water and evaluated for concentration and purity spectrophotometrically.
RT-PCR
The RT-PCR protocol was performed essentially as described previously [17] . For P gene amplification the positive sense primer employed was Rab-Pfor1 5k-CTACTTCTCCGGGGAAACCAGAAG-3k (corresponding to nt 1249-1272 of the PV reference strain, GenBank 1 accession no. NC 001542) though on occasion amplification was achieved using an alternate primer Rab-Pfor2 5k-CATCARGCYGGNCC-NAACTC(AT)TT-3k (PV nt 1361-1383). The negative sense primer employed was Rab-Prev 5k-GGRAGC-CAYAGGTCRTCGTCAT-3k (PV nt 2575-2596). Thermal cycling was performed in a Perkin Elmer , were used in nested PCRs performed using a cycling profile as above except that an annealing temperature of 50 xC was employed. For amplification of the entire N gene the primers employed were Nseq0 5k-AACACCTCTAC-AATGGATGCCGAC-3k (positive sense, PV nt 59-82) and RabN5 5k-GGATTGACRAAGATCTTGC-TCAT-3k (negative sense, PV nt 1514-1536) for first round PCR and, as required, a second round PCR was undertaken by a hemi-nested approach using these first round primers and internal universal primers RabNfor 5k-TTGTRGAYCAATATGAGTACAA-3k (PV nt 135-156) and RabNrev 5k-CCGGCTCA-AACATTCTTCTTA-3k (PV nt 876-896) to generate two amplicons overlapping in sequence within the central region of the N gene. PCR products were purified using a Wizard PCR (Promega Corp., Madison, WI) purification system prior to sequencing.
Nucleotide sequencing and phylogenetic analysis
Purified PCR products were sequenced either manually using a fmol 1 cycle sequencing system as directed by the manufacturer (Promega) with sequencing primers 32 P-labelled by treatment with [ c-32 P] ATP and T4 kinase or automatically with a model 4200S-2 system (Li-Cor, Lincoln, NE) employing custom IR Dyelabelled primers and a Thermo Sequenase Primer cycle sequencing kit (Amersham Biosciences). Nucleotide sequences were compiled into the DNASIS software package (Hitachi) which was used to predict encoded protein sequences and P gene restriction endonuclease cleavage patterns. Sequence alignments were performed using the CLUSTAL X programme [18] and phylogenetic analysis was undertaken using the PHYLIP 3.5 software package [19] . A neighbour joining analysis employing the Kimura 2 parameter and 1000 bootstrap replicates of the data was performed by sequential use of the programs SEQBOOT, DNADIST, NEIGHBOR and CONSENSE. Distance values were reapplied to the consensus tree using FITCH before the tree was converted to a graphical output by TREEVIEW [20] .
The sequences generated during this study have been deposited in GenBank 1 ; accession numbers are provided in Table 1 .
RESULTS
Phylogenetic analysis
The 48 Iranian rabies viruses employed in this study (see Table 1 ) were recovered from throughout the country except for the arid central region which has a sparse human population and which has a limited capacity to support wild canids. All isolates were amplified at the P locus and characterized by nucleotide sequencing over a 350 bp window corresponding to residues 1606-1955 of the reference PV strain. These data, together with the corresponding sequence of the reference PV strain as outgroup, were aligned using CLUSTAL X and then subjected to neighbour joining analysis using the PHYLIP 3.5 package as described in Methods. The resulting dendrogram is presented in Figure 1 a; numbers above the branches indicate the times out of 1000 that each branch to the right was included in the consensus tree while the bar at bottom indicates the distance scale represented by the horizontal lines. The grouping designation, as referred to in the text below, is indicated at far right. The dendrogram divides all isolates into three main clades (1-3) each of which was supported with high bootstrap values (o91 . 3 %). A radial representation of this tree ( Fig. 1b ) further illustrates the sub-division of these viruses into three main groups as well as identifying the main sub-groups described below. The geographical distribution of all these viral variants is illustrated in the map of Iran depicted in Figure 2 .
Group 1 comprised 15 isolates, all of which were recovered from the northern and northwestern regions of the country. A sub-group of this clade (1a) was represented by four isolates all originating from areas neighbouring the Caspian Sea. Group 2 was constituted by 31 viruses recovered throughout the country and within this clade certain sub-groups were evident. Seven isolates formed sub-group 2a, five of which were reported as originating from a discrete area in the northwestern provinces whilst the other two isolates of this sub-group came from northeastern and southeastern parts of Iran. Only two isolates formed sub-group 2b, both coming from the city of Qazvin just south of the Caspian Sea region. Another set of four viruses appeared to cluster together (2c) as an outlying clade of group 2 but bootstrap values associated with this branch were very low (30 . 2%) and the isolates were distributed between two opposite sides of the country. Two closely-related isolates comprised group 3 and these were both recovered from the northeastern tip of Iran. The animal species infected by viral groups 1 and 2 are similar ; in particular bovine cases make up a large proportion of cases (7 out of 15 for group 1 and 13 out of 31 for group 2 giving a total of 20 out of 48) whilst other domestic livestock species (sheep and equines) and various canid species (dog, jackal, wolf and fox) were also represented in each group. It is presumed, based on previous surveillance data, that dogs and other wild canids constitute the vector species in Iran while cases in livestock animals are a result of spillover from these reservoirs. The reporting of relatively high numbers of cases from livestock animals is probably due to their greater likelihood of investigation after death due to their economic and human health consequences. While it has been observed that bovines constitute a significant proportion of spillover cases of rabies in other jurisdictions, e.g. Ontario, Canada (unpublished data) it is unclear if this is due to a relatively high susceptibility of bovines to the disease. The small numbers of specimens in group 3 (one from a dog and one from a sheep) precludes comment on species distribution. Unfortunately due both to the limited numbers of canids included in the study and their infection with different rabies virus variants, it is impossible to conclude from these data whether all three rabies variants circulate in all canid reservoirs or whether certain variants are associated primarily with one specific vector species.
Molecular typing strategy for rapid group discrimination
The restriction endonuclease cleavage maps predicted from the partial P gene sequence for each isolate Caspian Sea Persian Gulf identified specific restriction sites which were selectively retained in some viral groups but not others. The possibility of using restriction fragment length polymorphisms (RFLPs) for rapid discrimination between viral groups, as has been previously described for mapping of sub-variants of the Arctic Fox strain in Ontario, Canada [14, 17] , was thus investigated. Nested PCR products (450 bp), generated from representative isolates of each viral variant using Rab-Pseqfor/rev primers, were digested separately with five restriction endonucleases and then analysed by standard agarose gel electrophoresis. Figure 3 illustrates the restriction patterns generated for eight representative isolates using (a), 
P protein variation
From the partial P gene sequences generated by these studies the primary sequence of a portion of the encoded phosphoprotein product (117 amino acids corresponding to residues 31-147 of the P protein of the PV strain) was predicted for each isolate. All 48 encoded partial P protein sequences, together with corresponding sequence of the phosphoprotein of the reference PV strain (GenBank 1 accession no. NC 001542) were aligned using CLUSTAL X and analysed by the PROTPARS program of PHYLIP 3.5. The alignment presented in Figure 4 shows the sequence of isolate V707 (group 1) as the reference and deviations from this sequence for 17 other representative isolates and the PV strain. The residue numbering refers to that of the complete P protein (previously referred to as M1) as determined for PV. Despite the targeting of a relatively divergent portion of the P gene, the encoded product exhibits relatively modest overall variation with most amino acid substitutions occurring between residues 57 and 77. Consistent with their relatively distant relationship to the other specimens, group 3 viruses exhibit the most distinctive P product with several substitutions (residues 61-70, 75 and 90) restricted to these viruses only. Certain substitutions appear to respect the phylogenetic groupings of some isolates, e.g. T in place of A at residue 72 in all group 2a viruses, N in place of H or R at residue 57 for all group 1 viruses. Many other substitutions appear more randomly in specific isolates only.
Global context of Iranian rabies viruses
The extent of variation observed between these Iranian rabies viruses was placed in a global context by comparing selected representatives of each of these viral groupings with other viruses recovered from around the world and in particular from the Middle East, Europe and Asia. Partial P gene sequences for selected isolates, as described previously (see [15] ), 15] , are shown at far right. The suffixes attached to each specimen name indicate the species of origin thus : AFX, arctic fox ; BFX, bat-eared fox ; CO, coyote ; DG, dog ; FX, fox of undefined species ; GFX, grey fox ; GT, genet ; JK, jackal ; MG, mongoose ; RD, raccoon dog ; RFX, red fox ; SK, skunk. Two Korean isolates (V737.RD and V739.DG) not described previously were also included. An isolate (058.BBB) from an insectivorous bat of the Americas was employed as an outgroup. together with representative specimens from each of the Iranian groupings were analysed by NJ analysis as detailed in Methods. Using nucleotide sequence data over a 365 bp segment corresponding closely to that used above, a phylogenetic analysis was performed on a total of 56 rabies viruses (Fig. 5 ). Many of the additional isolates utilized in this tree have been described previously [15] and several represent subgroups of the cosmopolitan lineage believed to have arisen initially in Europe in the 17th century before being widely disseminated to Asia, Africa and the Americas by rabies-infected companion animals during the colonial period [6, 21] . Whilst the Iranian viruses of groups 1 and 2 cluster within the cosmopolitan lineage with good bootstrap support (88 . 5 %), group 1/1a viruses form a rather distinct clade within this lineage. All variants of group 2 viruses associate far more closely with recent European and Israeli fox isolates (bootstrap value of 86 . 0%). In contrast the group 3 specimen (V724) is contained within a group of viruses known as the Arctic lineage that circulates in wild canids and dogs in Northern 
Antigenic analysis
Since routine rabies virus typing is frequently achieved by antigenic analysis, the utility of an extensive collection of anti-rabies mabs for typing of these Iranian viruses was investigated. Ten viral isolates representative of all genetic variants were propagated in cell culture and then assayed for reactivity as described (see Methods). Of the 498 mabs studied, only 16 anti-N and 2 anti-P mabs proved to be useful for differentiating between these isolates and their reactivity patterns are summarized in Table 2 . Three main groups of antigenic variants were identified and labelled Iran-1,2,3 with minor variations in reactivities, designated Iran-1v and -2v, being noted for certain isolates. Iran 1 and 3 groups were generally reactive to mabs derived using RNP antigen from the Sri Lankan dog and Duvenhage viruses with the exception of mab 26BD6 which did not react with the Iran-3 group. However, the Iran-1 viruses differed from those of Iran-3 by also reacting to most of the mabs generated using RNP of a North American silver-haired bat rabies virus strain. The most striking difference between Iran-1 and 3 groups however was the reactivity by Iran-3 virus only with two anti-P mabs (M960, M977) generated using the Canadian arctic fox strain. A sub-group of viruses (Iran-1v) differed from the main group (Iran-1) primarily by their reactivity to M878. In contrast Iran-2 variants reacted to only a few of these Mabs (26BD6, M878 and 5DF12 except for V728).
To investigate the genetic basis for these antigenic distinctions, a total of seven selected specimens, representing Iran-1 (V686, V703), Iran-1v (V699, V715), Iran-2 (V685, V711) and Iran-2v (V728) antigenic groups were characterized by sequencing of the N locus. N gene PCR products for all seven isolates, generated as described, were sequenced over the complete nucleoprotein coding region and distance values were computed in a pair wise analysis for all samples both for nucleotide and predicted protein sequences as shown in Table 3 . The N gene distance values presented are in accord with the phylogenetic data of the P locus by their support of a closer relationship between Iran-1v and Iran-2 isolates rather then between groups Iran-1/1v. However, the very low N protein distance values do not exhibit such a clear association. An alignment of these protein sequences, performed by CLUSTAL X and illustrated with the use of the PROTPARS program of PHYLIP 3.5, shows the predicted amino acid substitutions between all seven isolates (see Fig. 6 ). Dots represent identity with the reference sequence (isolate V686) at each position. The antigenic group of each isolate is shown at bottom right. Whilst several substitutions apparently exhibit no group association, the following are notable : at residue 101 Iran-1/1v=D, Iran-2/2v=N; at residue 398 Iran 1/1v/2v=E, Iran-2=G; at residue 448 Iran-1=S whilst all other viral groups have N at this position.
DISCUSSION
The molecular epidemiological findings of this study suggest the current circulation within Iran of at least three distinct rabies virus variants, two of which associate with the cosmopolitan lineage. The group 2 viruses are widely disseminated throughout the country and this was the only variant recovered in central and southerly regions. This viral group clearly shares close evolutionary origins with rabies viruses recovered from wild carnivores in Europe and the Middle East but it was notable that sub-variants of this group segregated to multiple distinct branches of the cosmopolitan clade ( Fig. 5 ) thereby suggesting that these variants have evolved from temporally or spatially independent movements of this rabies lineage into Iran. Group 1 viruses, which were found near western and northern border areas of the country, were clearly more distantly related to the European fox/Middle Eastern strain and formed a distinct cluster quite separate from group 2 Iranian viruses. Indeed, the group 1 specimens from Iran were as divergent from the European/Middle Eastern clade as were rabies viruses recovered from African canids (group Africa :CD1) and herpestid hosts of the Americas (clade America :HP/MP1). The viruses represented by Iranian groups 1 and 2 thus probably emerged from multiple independent incursions of the cosmopolitan lineage into the country. These observations are consistent with the results of a molecular epidemiological study of Israeli rabies viruses in which the phylogenetic proximity of European and Middle Eastern strains was noted [22] ; of the two Iranian specimens included in that study one segregated quite closely with the Israeli variants and the other was genetically more distant. Those two isolates may be representative of the two major rabies virus groups described in this report. Unfortunately the fairly low numbers of wild canids included in this study make it difficult to draw any conclusions regarding their role as reservoirs for each of these rabies virus groups. Viruses of group 1 were identified in 1 wolf, 2 dogs and 1 jackal whilst viruses of group 2 were found in 1 wolf, 5 dogs, 1 fox and 2 jackals. The application of the rapid typing tools described in this paper will assist in future studies on larger numbers of rabid canids to determine whether specific viral groups persist in particular host species. Only two specimens of a third group were recovered in a highly restricted area in the northeastern tip of the country and these viruses are phylogenetically very distinct from all other Iranian specimens. They are closely related to members of the Arctic lineage and in particular to the viruses recovered from dogs in Nepal although this strain circulates in many countries of the region. The limited distribution of this group would suggest that it is a recent incursion from neighbouring countries to the east but further monitoring of this area and eastern areas to the south will be important to determine the full geographical range of this variant and its temporal spread.
Antigenic characterization of representative Iranian isolates identified 18 mabs useful for group discrimination and three principal antigenic groups were identified. Interestingly, the two antigenic variants Iran-1 and Iran-1v share epitopes that are missing on Iran-2 and Iran-2v. Whilst Iran-1 and Iran-2/2v antigenic variants corresponded to genetic groups 1 and 2 respectively, curiously the two isolates yielding the Iran-1v pattern were predicted by phylogenetic analysis to be more closely related to group 2 viruses by clustering to a particular sub-branch within the group 2 clade. Interestingly, only a single anti-N Mab, M878, recognized the Iran-1v and all Iran-2/2v isolates but not Iran-1 viruses. The N protein epitope defined by this mab is likely to be influenced, directly or indirectly, by residue 448 which is the only position in the nucleoprotein that exhibits a particular substitution restricted to Iran-1 isolates. Based on the very limited degree of amino acid substitution observed between the N proteins of all isolates the discriminatory anti-N mabs of this panel must be recognizing only a small number of epitopes. Indeed, the only substitution consistent with the Iran-1/1v and Iran-2/ 2v distinction is that observed at residue 101, an observation suggestive that these discriminatory mabs must be recognizing epitope(s) influenced by this residue. Notably neither residue 101 or 448 have been associated with antigenic sites of the N protein previously. Where one or very few epitopes are targeted by an antigenic typing scheme, a single nonsynonymous nucleotide change can substantially alter an antigenic type. In such a situation group determinations are more reliable predicted by genetic studies that compare a length of sequence of several hundred bases. Discrepancies in viral typing schemes between genetic and antigenic techniques are uncommon ; a previous characterization of Canadian bat rabies viruses by these two methods gave generally very consistent findings [23] .
Specimen V704 was the only isolate examined that is recognized by M960 and M977, two Mabs that are specific for antigenic site II on the P-protein [24] . This epitope was so far recognized only on Canadian viruses circulating in the Arctic and in fox populations of Ontario and Quebec, as well as on isolates from Korea, and this observation clearly substantiates the phylogenetic placement of this group in the Arctic group. The localization of this group to the Characterization of rabies viruses of Iran northwestern tip of the country suggests incursion from Iran's eastern neighbours. Indeed, these studies have shown the incursion from neighbouring countries into Iran of phylogenetically distinct rabies virus strains originating from either the west (cosmopolitan group) or the northeast (arctic group) and emphasize the need to monitor future incursions into the country as well as more precisely define the geographical and temporal movements of those variants already circulating in Iran. Early recognition of new epizootics is essential to direct mobilization of the appropriate control strategies to those areas in most immediate need. In addition it would be of interest to further examine whether the various rabies virus groups identified in this study tend to be associated with specific reservoir species and the rapid typing tools developed in this report could be applied to such studies as well as investigations of rabies in other countries of the region that harbour some or all of the variants described here. Information derived from such studies would greatly improve our understanding of the epidemiology of this disease in countries bordering the middle-East and western Asia.
